The present work is an attempt to improve the performance of a regional air quality model by means of linking it with a global chemistry transport model in order to provide initial and lateral boundary conditions. The current Community Multiscale Air Quality (CMAQ) model uses a set of constant lateral background condition profiles of the pollutant species, without reflecting temporal and spatial variations at the boundaries. A modeling study of a severe biomass burning event during May 1998 in Mexico and Central America, attributable to an ENSO-related drought, is presented. In this study, the GEOS-Chem global model output is 
Introduction
The current CMAQ model uses a set of pre-defined fixed lateral background condition profiles which do not properly account for the trans-boundary transport influences in cases where the in-flux mass of pollutants is non-negligible. Significant progress has been made in linking global circulation models to regional atmospheric models [Busuioc et al.,1999; Cubasch et al., 1996; Risbey et al., 1996; von Storch et al., 1993; Wigley et al.,1990] , but little effort has been made to address linkage issues between global chemical transport models and regional air quality models.
Atmospheric aerosols can be transported over long distances and can impact the environment in significant ways, namely, visibility degradation, effects on the biosphere and human health, and indirect climate forcing [e.g., Novakov and Penner, 1993] . Among the various chemical components of aerosols, elemental carbon (EC) and organic carbon (OC) are especially important. The presence of EC is notable because it results in positive radiative forcing, due to its light absorbing property, and organic carbon (OC) is of interest because of its abundance and detrimental effects on human health in the United States [Malm et al., 2000] .
Major sources of carbonaceous aerosols in the atmosphere include combustion of fossil fuel, biofuel and biomass burning [Penner et al., 1992] , biogenic emissions [Mazurek et al., 1991] , and partial oxidation of hydrocarbon precursors [Hildemann et al., 1993; Turpin and Huntzicker, 1991] . Biomass burning, in particular, is a significant global source of atmospheric aerosols, and therefore plays a major role in the biogeochemical cycling of carbon compounds.
In 1998, from April to June, severe biomass burning events occurred in central and South
America as a result of enhanced drought conditions [Bell et al., 1999] . A characteristic anomalous northward flow, which was the strongest recorded in the preceding two decades [Rogers and Bowman, 2001] , provided favorable conditions for the transport of the fire plumes.
The presence of large amount of aerosols, emanating from the biomass burning area, was verified by the Atmospheric Radiation Measurement (ARM) program in Oklahoma and Kansas [Peppler et al., 2000] .
A previous study by Park et al. [2003] showed a considerable enhancement in the carbonaceous species concentrations, which has an important implication for the U.S visibility plan under the U.S EPA regional haze rule [EPA, 2003] .
This paper presents a case study of the trans-boundary transport of carbonaceous aerosols emitted from biomass burning in Mexico and Central America, for the period of May 1998, using the US EPA's Community Multi-Scale Air Quality Model (CMAQ) [Byun and Ching, 1999; Byun and Schere, 2006] . This study focuses on a quantitative estimation of carbonaceous aerosol transport budgets and on an assessment of the episodic impacts of the Mexican forest fire on the visual environments in the United States. 
Model description
The US EPA CMAQ is a community model for multi-scale regional air quality that has been widely used by international communities since first its release in 1998 [Byun and Ching, 1999; Byun and Schere, 2006] . The CMAQ version 4.3 was selected for the current simulation.
Currently, CMAQ relies on the Penn State-NCAR fifth generation mesoscale model (MM5) [Grell et al. 1994 ] to provide the meteorological fields. MM5 was configured with a single domain using 36 km × 36 km horizontal grid spacing, which covers the continental United States, including the northern part of Mexico and southern part of Canada. In the vertical direction, 43 unevenly spaced terrain-following sigma levels were employed with grid spacing stretching from approximately 30 m above surface to 4000 m at the model top near 18 km (50 mb). The physical parameterizations used in the simulation include the cloud radiation scheme [Dudhia 1989 ], the mixed phase cloud microphysics scheme [Reisner et al. 1998 ], the KainFritsch cumulus parameterization [Kain and Fritsch 1990] , the Medium-Range Forecast (MRF) model boundary layer parameterization [Hong and Pan, 1996] , and the simple five-layer soil model. The MM5 was assimilated every three hours using the National Centers for Environmental Prediction (NCEP)'s operational Eta Data Assimilation System (EDAS). The 1999 US EPA National Emission Inventory (NEI99) was used to provide anthropogenic emission sources for the EC/OC simulation. The emissions inventories were processed using the Sparse Matrix Operator Kernel Emission (SMOKE) [Coats, 1996; Houyoux et al., 2000 ] version 1.4 for providing emission input compatible with CMAQ [Byun et al., 2003 ]. However, NEI99 does not include emissions from biomass burning.. The absence of the fire emissions led us to adopt a global scale dry mass burnt amount, as a monthly total compiled at 1º × 1º resolution [Duncan, 2002] and re-gridded for CMAQ domain configuration, subject to a mass-conserving constraint after mapping. We approximated the emission factors, of 2 and 14 g/kg for EC and OC [Park et al., 2003 ] respectively, and the monthly total biomass burning emission was distributed for the entire modeling period with a uniform intensity because of the lack of timing information with the assumption of rigorous vertical mixing from ground level up to the boundary layer heights.
Monthly total domain integrated EC and OC emissions were 93 Gg/month (NEI99: 34 Gg/month, Biomass burning: 59 Gg/month) and 569 Gg/month (NEI99: 154 Gg/month, Biomass burning: 415 Gg/month) respectively. NEI99 exhibited a general spatial deviation with high emissions rates in the Eastern United States and in California while the biomass burning emissions mostly occurred in Mexico and some areas of Texas, Louisiana, and Florida in the continental US during the May 1998 episode.
We carried out three sets of CMAQ simulations as sensitivity tests by switching the boundary conditions and emissions inputs. The first case was a simulation with the NEI99 emissions input with a set of fixed profile boundary conditions, which is the current default CMAQ boundary treatment (NEI99_Profile). The second case used combined biomass burning and NEI99 emissions with the profile boundary conditions (NEI99+Biomass_Profile). The third case used the dynamic boundary conditions provided from the GEOS-Chem linkage (NEI99+Biomass_Linkage) with the same emission inputs as the second run. By comparing the first case (NEI99_Profile) with the second (NEI99+Biomass_Profile), we assessed the contribution of the additional biomass burning emissions to the enhancement of EC/OC concentrations over the case of NEI99 alone. By subtracting the results of the second run (NEI99+Biomass_Profile) from that of the third run (NEI99+Biomass_Linkage), we show the benefits of linking the global chemistry transport model outputs with the regional CMAQ simulations.
Results and Discussion

Evaluation of carbonaceous aerosols simulations
The simulated monthly mean spatial distributions of EC and OC concentrations in the bottom layer (sigma value=0.998) from the three sets of simulations and the observed monthly mean values from the IMPROVE network are shown in Figure. of EC/OC summed over the grid cells of CMAQ tend to be stronger than that of coarser grid GEOS-Chem (2º × 2.5º) although both of them use the same global inventory. CHAS1 and GRSM1 sites show generally low EC concentrations in both the CMAQ and GEOS-Chem simulations. OC concentration is not biased much at the CHAS1 sites but is underestimated at the GRSM1 site in both the CMAQ and GEOS-Chem simulations.
Model performances at individual sites vary depending on the dominant factors affecting the carbonaceous aerosol concentrations, such as trans-boundary transport, biomass burning emissions, and local emissions.
Effects of biomass burning on visual environments of United States
A useful index for quantifying visibility impairment by the presence of aerosol particles is either the deciview or the aerosol extinction coefficient developed by Pitchford and Malm [1994] . The deciview (dv) scale is defined as: Analysis of mass budget by emission, deposition, and boundary fluxes over the entire domain is given in Table 3 -2. Monthly total emission amounts of EC and OC are 93 Gg/month and 569 Gg/month, respectively. 95 Gg/month of EC and 574 Gg/month of OC are removed by surface deposition, which are comparable to the emissions inputs. Net fluxes through the southern boundary (in fluxes -out fluxes) are 50 Gg/month for EC and 322 Gg/month for OC (Table 3 -1), which indicate that the net carbonaceous aerosol amounts across the southern boundary are equivalent to 53.7 % (EC) and 56.2 % (OC) of the domain total emissions amounts. The net mass amount in the entire domain (emission + final loading -depositioninitial loading) of EC is about 3% (2.8 Gg/month) of the emission amounts demonstrating a good balance of the simulated mass budget. However, OC shows positive net mass budget of 12 % (71.8 Gg/month) of the emissions, which can be interpreted as the chemical production of the secondary organic aerosols from the gas phase precursors.
Mass budget of carbonaceous aerosols
Summary and Conclusion
We simulated carbonaceous aerosols using the US EPA's CMAQ model for long-range However, the biomass burning emissions compiled on a coarse resolution grid leads to a general overestimation of the EC and OC concentrations. This highlights the need to compile EC/OC biomass burning emission inventories, resolved at the fine regional scale resolution, for a more realistic description of their behaviors. The present study did not resolve the causes of the large high bias of the OC concentrations and, therefore, further investigations will be necessary to identify factors that induce such large bias and to improve model performance under active fire conditions. States.
